The conditioning of fear responses to a simple acoustic stimulus (pure tone) paired with footshock can be mediated by the transmission of auditory information to the lateral nucleus of the amygdala from either the auditory thalamus or the auditory cortex. We examined the processing capacity of the thalamo-amygdala pathway by making lesions of the auditory cortex and testing the extent to which conditioned fear responses generalized to tones other than the one paired with footshock. Two studies were performed, one in an anatomically constrained computational model of the fear conditioning network and the other in rats. Stimulus generalization was unaffected in both. These findings support the validity of the model as an approach to studying the neural basis of conditioned fear learning, and in addition suggest that the thalamo-amygdala pathway, possibly by the use of population coding, is capable of performing at least crude stimulus discriminations.
The conditioning of fear responses to a simple acoustic stimulus (pure tone) paired with footshock can be mediated by the transmission of auditory information to the lateral nucleus of the amygdala from either the auditory thalamus or the auditory cortex. We examined the processing capacity of the thalamo-amygdala pathway by making lesions of the auditory cortex and testing the extent to which conditioned fear responses generalized to tones other than the one paired with footshock. Two studies were performed, one in an anatomically constrained computational model of the fear conditioning network and the other in rats. Stimulus generalization was unaffected in both. These findings support the validity of the model as an approach to studying the neural basis of conditioned fear learning, and in addition suggest that the thalamo-amygdala pathway, possibly by the use of population coding, is capable of performing at least crude stimulus discriminations.
Classical fear conditioning has emerged as a leading approach to the study of the neural mechanisms underlying the acquisition and storage of information about the emotional significance of stimuli and events. In fear conditioning, a neutral stimulus (the conditioned stimulus; CS), such as a light or tone, is presented in conjunction with an aversive event (the unconditioned stimulus; US), typically footshock. After relatively few such pairings, the CS acquires aversive properties and will, when presented alone, elicit a host of species-typical defense responses, including freezing behavior, alterations in autonomic nervous system activity, neuroendocrine responses, suppression of pain reactions and potentiation of ref lexes (Davis, 1992; Kapp et al., 1992; Fanselow, 1994; LeDoux, 1995) .
Most work on fear conditioning has used auditory events as conditioned stimuli. It is now well established that so-called auditory fear conditioning can be mediated by projections to the lateral nucleus of the amygdala from either the auditory thalamus or auditory cortex (LeDoux et al., 1984; Romanski and LeDoux, 1992a,b; Campeau and Davis, 1995a) . However, the results of recent unit recording studies strongly suggest that much of the plasticity that occurs in the lateral amygdala involves the thalamic as opposed to the cortical input (Quirk et al., 1995) . As a consequence, it becomes especially important to determine the processing capacities and limits of the thalamic and cortical pathways.
In the present study we therefore attempted to determine the extent to which the thalamic pathway can represent auditory events during fear conditioning. Our approach involved an examination of fear conditioning in the absence of the auditory cortex. With such a preparation, conditioning is dependent on the thalamic input to the amygdala (Romanski and LeDoux, 1992a,b) .
Little is known about the information processing capacity of either pathway in the presence of stimuli other than the CS. Nonetheless, it has been assumed that the thalamic pathway is limited in its processing capacity relative to the cortical pathway (LeDoux, 1995) . This assumption is based on several points. First, it is generally believed that more complex processes occur in cortical than in thalamic regions. Second, physiological findings suggest that thalamic cells in areas that project to the amygdala have broad receptive fields (Edeline and Weinberger, 1992; Bordi and LeDoux, 1994a) and that cortical areas are involved in processing spectrally complex stimuli (e.g. Miller et al., 1972; Rauschecker et al., 1995) . Third, behavioral observations show that cortical lesions have no effect on conditioning to a single tone but interfere with stimulus discrimination in conditioned fear (Jarrell et al., 1987) . We therefore hypothesized that following ablation of the auditory cortex, which leaves only the thalamic auditory inputs to the amygdala, conditioned fear responses would generalize more broadly to stimuli other than the CS, due to the loss of the discriminative processing capacities of the cortex. We first examined the effects of lesions of the auditory cortex in a computational model of the fear conditioning system (Armony et al., 1995) . This connectionist model is constrained by some of the known anatomical connections of the fear conditioning circuitry and captures basic behavioral and physiological consequences of fear conditioning in animals. It thus provides a suitable framework for exploring the consequences of lesions of the cortical input to the amygdala in fear conditioning. Interestingly, the results were inconsistent with our hypothesis: the stimulus generalization gradient was not altered by lesions of the cortical pathway in the model. We therefore subsequently conducted the same experiment in rats and obtained similar results. Our findings illustrate the usefulness of computational models in generating non-intuitive predictions and stimulating additional biological studies. At the same time, these results suggest that the thalamic pathway has a greater processing capacity than previously thought. Preliminary reports of these findings have been presented in abstract form elsewhere (Armony et al., 1994) .
Study I: Effects of Cortical Lesions on Stimulus Generalization in the Model

Method
The Network
The neural network model used in this study is described in detail in Armony et al. (1995) . Brief ly, the model consists of modules of non-linear, identical computational units, with each module representing one of the relevant neural structures of the fear circuit: the lemniscal and non-lemniscal areas of the thalamus, the auditory cortex and the amygdala (Fig. 1) . Connections between units in different modules are feedforward and excitatory (positive). Units within a module are mutually inhibitory. The strength of this lateral inhibition was used to capture the differences in the response properties (broad versus narrow receptive fields) of the extralemniscal thalamus and amygdala on the one hand, and lemniscal thalamus and auditory cortex on the other Weinberger, 1991, 1992; Bordi and LeDoux, 1992) . The values of the inhibitory connections for each module were arbitrarily chosen to reproduce the relative differences in frequency receptive field widths mentioned above. We varied these parameters, as well as the number of units in each module (set to 10 in the simulations reported here) and input stimuli, and observed that the exact values did not have a significant effect on the results of the simulations reported here (results not shown).
Auditor y input to the thalamus was simulated by a set of 10 overlapping patterns of activity, representing pure tones of contiguous frequencies (arranged along an arbitrary scale). One of the stimuli served as a conditioned stimulus (CS) during the conditioning phase of the simulations. The unconditioned stimulus (US) was a positive quantity directly added to the input term of all units in the extralemniscal thalamus and amygdala during conditioning, based on anatomical and physiological information about the US pathways (Jones, 1985; LeDoux, 1987; Romanski and LeDoux, 1993; Bordi and LeDoux, 1994b) . This input was externally set and not subject to changes with learning.
The response, or activation, of model units to each input pattern can be thought of as the time-averaged firing rate of a neuron. It was calculated using a soft competitive learning algorithm (Rumelhart and Zipser, 1986; Nowlan, 1990) . That is, the unit receiving the strongest input, the 'winner', inhibits the other units in its module by an amount proportional to its activation:
for the winner unit, for the other units in module k, where , wrs is the weight between the sending (s) and receiving unit (r), and µk is the strength of the lateral inhibition of the module k. The values of the inhibitory weights were set to 0.1, 0.3, 0.6 and 0.4 for the extralemniscal thalamus, lemniscal thalamus, cortex and amygdala respectively.
Weights of the excitatory connections were modified through an extended Hebbian learning rule (Hebb, 1949; Stent, 1973; von der Malsburg, 1973) : and where aavg is the average activation of the sending layer and ε = 0.2 is the learning rate. Learning continues until the sum of the absolute values of weight changes in one cycle (presentation of all input patterns) is less than a small arbitrary value (0.01-0.001). Further details about the architecture of the model can be found in Armony et al. (1995) . et al. (1995) . Abbreviations: CS = conditioned stimulus; US = unconditioned stimulus.
Procedure
Development. At the beginning of the simulations, weights were assigned random values. Input patterns were presented in a random order to allow the network to adjust its weights until stable receptive fields were obtained. A unit's receptive field (RF) was constructed by measuring the activation of the unit in response to each of the input frequencies.
Conditioning. Following the development phase, input patterns were again presented, but this time one was chosen as the CS, and its presentation was always paired with the activation of the US input. Excitatory weights were again adjusted until convergence (as described above) was reached. The weights of the US connections were not modified during this phase.
Testing. Behavioral responses were measured as the sum of the activity of all the amygdala units in response to auditory stimuli. Acquisition was measured as the activity of the amygdala generated by the CS without the presentation of the US. A generalization gradient was obtained following conditioning by measuring the changes in the behavioral output of the network to the different input patterns that had been presented during the development phase.
Lesions
Lesions of the auditory cortex were simulated in the model by setting all the connections from the cortical module to the amygdala to zero, and non-modifiable, during the conditioning phase. That is, lesions were performed in the model after the development phase and before conditioning.
Results and Discussion
Acquisition of Fear Responses in the Intact
Model CS-US pairing during the conditioning phase resulted in frequency-specific changes in the receptive fields of several of the units in the extralemniscal thalamus, auditory cortex and amygdala modules, as described in Armony et al. (1995) . These units developed a stronger response to the CS and a decrease or no change in their response to other frequencies, including the pre-conditioning best frequency (BF), resulting in a shift of the BF towards the CS. Figure 2 shows an example of receptive fields of amygdala units before and after conditioning. In Figure 2A conditioning resulted in a shift of BF from frequency 8 to frequency 6, the CS. In contrast, the unit displayed in Figure 2B did not modify its RF, because it did not respond to the CS before conditioning (see the following section). These RF changes are very similar to those seen in physiological experiments Weinberger, 1991, 1992; Bordi and LeDoux, 1993) and presumably govern the behavioral responses observed in animals during conditioning experiments, as they do in the model. A somewhat similar mechanism of RF reorganization, based on Hebbian learning, was proposed by Weinberger et al. (1990) to interpret their findings on receptive field plasticity in the thalamus and auditory cortex. As a consequence of the retuning of the RFs, the network exhibited an increase in the response to the CS, as measured by the total activation of the amygdala units (used to represent the behavioral output of the model). This increase in response began after only a few CS-US pairings and the magnitude of the response was proportional to the number of conditioning trials, saturating after extended training. The response of the intact network to the presentation of the CS, before and after conditioning, is shown in Figure 3A (open bars).
Frequency Generalization in the Intact Model
We also examined the specificity of the conditioned response by measuring the network's output after conditioning in response to the presentation of other input frequencies. The specific frequencies used were those that the model was trained to respond to during the development phase (this is a requirement, since the model would otherwise not recognize the stimuli as variables along a simulated frequency dimension; see Methods). Before conditioning, the output of the network was equally low for all frequencies. Following CS-US pairings, the network responded maximally to the CS but it also responded to stimuli with frequencies that were close to the CS frequency. The magnitude of the output tended to decrease as the distance between the CS and test frequency increased.
An example of the resulting stimulus generalization gradient (SGG)-averaged over five different simulations with varying random initial weights-is shown in Figure 3B (open circles). (The SGG is symmetrical around the CS; only one side is shown to make comparison with the behavioral results, described below, easier.) The shape of the SGG is a direct consequence of the frequency-specific changes in the units' RFs described above: units in the amygdala module increase their response to the CS and neighboring frequencies, resulting in an increase in the total activation of the module, ref lected in the output of the network. Behavioral responses to stimuli distal from the CS are Figure 2 . Examples of simulated receptive fields (RFs) of amygdala units before and after conditioning. Following conditioning, the unit RF shown in (A) showed a substantial increase in the response to the conditioned stimulus (CS), leading to a shift of the pre-conditioning best frequency (BF) to the CS. In contrast, conditioning did not have an effect on the unit RF shown in (B), because the unit did not respond to the CS prior to conditioning (see Results and Discussion, Study I for details). Simulated frequencies are measured in arbitrary units (a.u.).
unaffected, as illustrated in Figure 2B , because units that did not respond to the CS before the conditioning phase do not show any changes in their RFs: they 'lose' the competition with units in the same module that responded significantly to the CS prior to conditioning and therefore their incoming weights are not modified. It should be pointed out that the model was not designed to display this behavioral SGG, and that the SGG is a result of the competitive-learning algorithm used to train the network. (Similar generalization gradients can also be obtained in connectionist models with other kinds of learning algorithms; e.g. Gluck and Myers, 1993.) There is another consequence of the plasticity of unit RFs on the behavioral output that can be also obser ved in the generalization gradient of the intact model in Figure 3B (open circles). Contrary to what might have been expected, the decrease in the response along the frequency axis was not monotonic: the response to the test pattern lying immediately outside the generalization gradient (frequency 4 in Fig. 3B ) was smaller than the response for patterns that were more distant from the CS (e.g. frequency 2 in Fig. 3B ). That is, the generalization gradient displays a side-band suppression, leading to a 'Mexican hat' shape. As explained above, the increase in the response to the CS and neighboring frequencies, and the constancy in response to frequencies far form the CS, can be explained in terms of shifts in units' pre-conditioning BFs. Moreover, since there are only a limited number of units in each module, this shift in BFs has a secondary effect in the network's output: a decrease in the number of units whose preconditioning best frequency corresponds to a stimulus just outside the SGG and, as a consequence, a decrease in the overall output of the network for that input after conditioning. That is, the increase in the response to the CS and adjacent frequencies (by the recruitment of units with BFs close to the CS) is accomplished at the expense of the network's response to other stimuli similar to the CS.
Effects of Cortical Lesions
We examined the consequence, at the behavioral level, of lesions of the auditory cortex (and thus the cortico-amygdala pathway) on the acquisition and stimulus generalization of conditioned fear in the model. By setting all the connections from the cortex to amygdala units to zero during the conditioning phase we forced the network to learn the CS-US association relying only on the information conveyed by the extralemniscal auditory thalamus to the amygdala.
Lesions of the auditory cortex module did not interfere with the capacity of the network to acquire the conditioned response following CS-US pairings, as shown in Figure 3A . Furthermore, as shown in Figure 3B , cortical lesions produced no significant overgeneralization (i.e. broadening of the SGG). This lack of overgeneralization in the lesioned network-even though in this case the input to the amygdala is provided solely by the more broadly tuned units of the extralemniscal thalamus-can be understood when we consider how the modules in the network encode frequency information: even though individual units may respond to a wide range of contiguous frequencies, and therefore be poor discriminators of similar stimuli, the overall response of the network is determined by the sum of all units. That is, by making use of 'coarse population coding' rather than relying on the response of a given unit (Georgopoulos et al., 1986) , the network as a whole acts as a better stimulus discriminator than any individual unit. Thus, the information provided by the extralemniscal auditory thalamus to the amygdala is detailed enough to enable the network to perform the discrimination even when the cortical input is not available.
In the intact model, the generalization gradient produced by the cortex was narrower than the one generated by the amygdala. That is, the cortex can perform a more refined discrimination of the auditory stimuli. This finer discrimination, however, is lost in the amygdala module, due to the broader input from the auditory thalamus as well as the intrinsic broad receptive fields of amygdala units. This phenomenon is consistent with the findings of Edeline and Weinberger (1993) . In that study, animals trained in a difficult two-tone discrimination fear conditioning paradigm failed to discriminate behaviorally between the two stimuli, even though plasticity in the auditory cortex was specific to the CS+ and did not generalize to the CS-, suggesting that the cortex is capable of performing a better discrimination than that shown behaviorally. It is also likely that the cortex may be involved in the processing of more complex stimuli, which were not represented in the present model (see General Discussion).
The results of the modeling experiment, as noted, were unexpected. We therefore performed the same study in rats, as described below.
Study II: Effects of Cortical Lesions on Auditory Stimulus Generalization in Rats
Method
Subjects
Studies were performed on male Sprague-Dawley rats (Hilltop Laboratories, PA). The animals weighed 300-350 g at the beginning of the experiments. The animals were housed individually in clear plastic cages, with unlimited access to laboratory chow and water. The housing area was thermally controlled and maintained in a 12 h light-dark cycle.
Surgery
One week after arrival, animals (n = 9) were anesthetized with ketamine (100 mg/kg) and rompun (5 mg/kg) and placed in a stereotaxic frame. Anesthetic was supplemented as needed (every 1-2 h) throughout the surgery.
Under aseptic conditions, the skull covering the temporal neocortex was removed and an incision was made in the dura. Electrolytic lesions were combined with subpial aspiration, as described in detail elsewhere (Romanski and LeDoux, 1992b) , to destroy completely the auditory cortex, including neocortical areas TE1, TE2 and TE3 (Zilles et al., 1990) and perirhinal periallocortex (Turner and Zimmer, 1984) . Ablation of ventral auditor y cortex was accomplished by placing six electrolytic lesions along the anterior-posterior extent of the rhinal fissure (Romanski and LeDoux, 1992b) . These lesions were made by passing anodal constant current (1 mA, 15-17 s) through a monopolar, stainless steel electrode (200 µm diameter) with an exposed tip of 500 µm. Following the electrolytic lesions, dura was removed and the dorsal auditory cortex was aspirated. Bleeding was controlled with Gelfoam or gauze. Ablation of temporal and perirhinal cortex was performed bilaterally.
After completion of surgery, the wound was closed and the animal was allowed to recover under a heat lamp. Once awake, the animal was returned to the housing area. They were allowed to recover for 15-20 days before the start of the behavioral experiments. During recovery, their body weight, food and water intake, and general health were routinely monitored. Unoperated rats (n = 11) were used as controls in the behavioral experiments.
Behavioral Procedures
Shaping. After recovery from surgery, animals were put on a schedule of food deprivation; the food ration was reduced to ∼5 g per day, for ∼1 week, until body weight reached 80% of pre-deprivation weight. At this stage, animals were removed from their home cages and placed individually in a single-lever operant-conditioning box (Med Associates, VT). The box was connected to a Macintosh IIci computer, which allowed for automatic programming of stimulus deliver y and recording of behavioral responses for each session. Animals were required to press the lever to obtain a pellet of dry laboratory chow (45 mg; Noyes, NH). After the successful completion of the shaping phase, a 30 s variable-interval (VI30) food-reinforcement schedule was established and maintained for two sessions of ∼30 min each. During the following two VI30 sessions, animals were pre-exposed to the five auditory tones that would later be used in the generalization phase (see below). Individual tones were presented once during each session. A constant background pseudowhite noise of 60 dB from the ventilator fan was present throughout the sessions.
CER Conditioning. The day following the second VI30 session, the conditioning phase was started. Conditioned responses (CRs) were measured as the conditioned suppression of operant responding using the following suppression ratio (SR) (Annau and Kamin, 1961; Bouton and Bolles, 1980) : where rpre and rcs indicate the mean response rate during the 60 s prior to the tone and during the tone respectively. Negative and positive SRs (always <1 in absolute value) indicate suppression and facilitation effects of the tone respectively.
The conditioned stimulus (CS) was a 19 550 Hz tone produced by the Macintosh IIci computer through a MacAdios frequency generator, amplified to 80 dB and presented for 30 s through a speaker mounted on the back panel of the conditioning chamber. Frequency and intensity were calibrated using a signal unit analyzer (Brüel & Kjaer, NJ) . (Although auditory stimuli were delivered in open field, rats were engaged in bar pressing during the duration of the experiments, so that their location in the chamber -and therefore the sound intensity reaching themremained fairly fixed.) The unconditioned stimulus consisted of a 500 ms pulse of direct current (1 mA) produced by a grid f loor shocker and distributed across the grid f loor. The delivery of the US occurred during the last 500 ms of the CS.
The conditioning phase consisted of four daily sessions of 5 CS presentations each (average interstimulus interval was 8 min). In order to retard extinction during subsequent generalization testing (Desiderato, 1964) , the number of CS-US pairings in each session was decreased by one each day. That is, on the first day all five CS presentations were paired with the US; on the second day four of the CS presentations were paired with the US (randomly chosen), and so on.
Generalization. On the session following the termination of the conditioning phase, one generalization test session was given, in which five frequencies (1500, 2270, 5150, 9020, 14280 and 19550 Hz; these frequencies are roughly equidistant on a logarithmic scale) were presented in a random order, without the US, with an average interstimulus interval of 8 min. Each test stimulus was presented once to each animal during the generalization session. Suppression ratios for the different frequencies were measured, and a frequency generalization gradient constructed.
Histology
After completion of the behavioral studies, the animals were perfused transcardially with 0.9% saline followed by 10% buffered formalin. The brains were postfixed in formalin, embedded in gelatin, and later frozen and sectioned on a sliding microtome (50 µm sections). Every fifth section was collected and mounted onto gelatin-subbed slides, and stained with thionin (0.25%). The extent of the cortical lesions was then analyzed.
Results and Discussion
Histological Observations
In all cases temporal neocortical regions TE1, TE2 and TE3 (Zilles and Wree, 1985) as well as caudal entorhinal and perirhinal cortex were ablated (Fig. 4A,B) . The lesions of temporal neocortex resulted in a significant and often total degeneration of the ventral division of the medial geniculate body (Fig. 4) . Damage to perirhinal and entorhinal cortex extended from the most caudal pole of the brain to the level of the rostral amygdala, ∼6.5 mm anterior to the interaural line (Paxinos and Watson, 1986) . In the largest lesions (Fig. 4B ) the perirhinal damage extended to just beyond the rostral pole of the amygdala. As the largest lesion depicts, there was significant damage to parietal cortex which resulted in degeneration of the ventroposterior complex (Fig. 4A,B) . (Zilles and Wree, 1985) were completely ablated, and the perirhinal cortex, which receives inputs from the acoustic thalamus and projects to the lateral nucleus of the amygdala, was extensively damaged. Cortical lesions resulted in significant thalamic degeneration in the ventral division of the MGB. Abbreviations: MGB = medial geniculate body; PAR = parietal cortex; TE1-TE3 = temporal cortex, areas 1-3; PRh = perirhinal cortex.
Acquisition and Generalization of Conditioned Fear
Prior to conditioning, lesion and control animals were tested with all of the stimuli that were later used to construct the generalization gradients. Suppression ratios were statistically indistinguishable from zero (i.e. no suppression) in controls and lesioned animals. This was determined by performing (for each group) a single group t-test for each frequency, comparing the mean suppression ratio value to zero. Further, a two-way ANOVA was performed with surgery (lesion versus control) and stimulus frequency as factors. Neither the main effects of surgery and stimulus nor the interaction were significant [F(1,18) = 2.65, P > 0.1; F(1,5) = 1.68, P > 0.1; F < 1, respectively]. To be certain that we did not overlook marginal effects, a set of two-group (unpaired) t-tests were run between lesion and control groups for each frequency. None of the tests were significant (P > 0.1 for all tests). Thus, before conditioning, the auditory stimuli were neutral and produced no fear responses in either the lesion or control rats. Figure 5A (left side) shows the supression ratios for the CS frequency in lesion and control animals before conditioning. Similar results were obtained for each of the other frequencies.
As a result of training, control animals gradually developed a conditioned response to the CS, indicated by an increase in the suppression ratios to that tone (Fig. 5A, right side) . Similarly, animals with lesions of the auditory cortex (including primary and association neocortical areas, as well as perirhinal cortex) conditioned to the CS (Fig. 5A , right side). A 2 × 2 ANOVA revealed a significant effect of conditioning on the suppression ratio to the CS [F(1,18) = 88.79, P < 0.0001], but no effect of the lesion [F(1,18) < 1] and no interaction effect (F < 1). This shows that cortical lesions did not impair the acquistion of conditioned fear to the CS, in agreement with previous studies using freezing and elevation of blood pressure as a measure (Romanski and LeDoux, 1992a,b) .
Following conditioning, stimulus generalization was examined by measuring conditioned suppression in the presence of the CS and stimuli other than the CS. Control and lesion rats exhibited a stimulus generalization gradient (SGG; Thompson, 1962; Desiderato, 1964; Mackintosh, 1983) in which the magnitude of the response to test stimuli decreased in relation to the distance of the frequency from the CS. The mean SGG for the control group is shown in Figure 5B (open circles). However, as in the model (Study I), the SGG was non-monotonic. That is, the experimental SGG also exhibited a Mexican-hat shape: the suppression ratio to 5150 Hz was smaller than to 2270 Hz (cf. the simulated SGG in Fig. 3B ). [Similar Mexican-hat generalization gradients have also been produced in other studies (e.g. Hoffman and Fleshler, 1961 ).] Figure 5B shows the average generalization gradients for the control and lesion groups. These curves overlap in all the frequencies tested, suggesting that lesions of the auditory cortex have no effect on the SGG. We confirmed this fact by performing several statistical tests on these data: a 2 × 2 ANOVA of surgical group by frequency revealed a significant main effect of frequency [F(5,18) = 16.24, P < 0.0001] (i.e. the generalization gradient), but no effect of lesion group [F(1,18) = 1.24, P > 0.25] or interaction of frequency by lesion group [F(5,18) = 1.79, P > 0.1]. Moreover, individual t-tests for each frequency showed no significant differences between lesion and control groups. Finally, we calculated the slope of the SGG for each animal, using a linear fit of the responses, and conducted a t-test between groups. Once again, no significant differences [t(18) < 1] were obtained.
In summary, the SGG in the intact model and in unlesioned rats had a similar non-monotonic, 'Mexican-hat' (side-band suppression) shape. Furthermore, lesions of the auditory cortex did not affect significantly this SGG in either the model or in rats.
General Discussion
In the present study we examined and compared the effects of lesions of auditory cortex in the acquisition and generalization of conditioned fear in a computational model of the fearconditioning network (Study I) and in living rats (Study II). The model and animals were initially conditioned to a singlefrequency tone, the CS, and subsequently tested with auditory stimuli of different frequencies in order to construct a stimulus generalization gradient.
Model versus Experiment
Conditioned fear was quantified by measuring amygdala- Figure 5 . (A) Suppression ratios (mean ± SE) to the CS before and after conditioning, for the control (Ǣ; n = 11) and lesion (Ǣ; n = 9) groups. (B) Effects of lesions of the auditory cortex in stimulus generalization gradients in rats. Conditioned fear responses for control (ć) and lesion (b) rats were measured by the suppression ratios to the different frequencies tested (see Methods). Lesions of the auditory and perirhinal cortex did not have a significant effect on the acquisition of the conditioned responses or the generalization gradient. These results are similar to those obtained in the simulations reported in Study I (see Fig. 3 ). CS = conditioned stimulus; US = unconditioned stimulus.
dependent conditioned suppression of operant responses in rats and by measuring the total activation of the amygdala module in the model. These measures had notable similarities when compared in the two experiments carried out in the present work. In both the simulations and behavioral experiments, cortical lesions did not interfere with the acquisition of a conditioned response to the CS ( Figs 3A and 5A ); when tested with other frequencies, they displayed a non-monotonic generalization gradient, and there was a very minimal effect of lesions of the auditory cortex on such SGGs (Figs 3B and 5B): responses to stimuli in the generalization gradient were somewhat higher in the lesion cases, particularly at the 'dip' of the SGG (frequencies 2 and 5150 Hz in the model and animals respectively). This phenomenon, however, was more pronounced in the animal study (although not statistically significant; see Results, Study II).
Comparison with Other Experiments
There may be several reasons for the discrepancies between our findings in Study II and previous ones reporting a dramatic effect of cortical lesions on stimulus generalization and discrimination (Thompson, 1960 (Thompson, , 1962 (Thompson, , 1965 . Differences in the species used (cats versus rats) and the testing procedure (avoidance versus classical conditioning) could account for the different results. The stimulus discrimination study by Jarrell et al. (1987) used fear conditioning as the training procedure, but employed a different species (rabbit), type of lesion (post-training) and behavioral paradigm (discrimination) than we used. Although a thorough survey and analysis of the large body of literature on auditory discrimination is beyond the scope of this paper, it should be pointed out that it has been shown that differences in experimental procedures can have dramatic effects of the outcome of the studies (cf. Elliot and Trahiotis, 1972; Neff et al., 1975) , and therefore a direct comparison of our study with previous work may not be altogether applicable. For example, pre-and post-training cortical lesions seem to have different effects on conditioned fear (Romanski and LeDoux, 1992a,b; Campeau and Davis, 1995b; Corodimas and LeDoux,1995) . Although there is disagreement as to how these effects should be interpreted, it is clear that comparisons between studies using different procedures (such as pre-versus post-training manipulations) should be made cautiously.
Role of the Thalamic and Cortical Inputs to the Amygdala in Fear Conditioning
The auditory thalamus and the auditory cortex are the only two known routes by which an acoustic stimulus can reach the amygdala (LeDoux, 1995) , which is essential for the acquisition and expression of the conditioned fear responses (Davis, 1992; Kapp et al., 1992; LeDoux, 1995) . The studies presented here, like previous ones (e.g. Romanski and LeDoux, 1992a,b) , show that, in the absence of the auditory cortex, direct input from the thalamus to the amygdala is sufficient for the acquisition of conditioned fear. Furthermore, we have shown that information carried by the direct thalamo-amygdala pathway enables the animal to discriminate between a stimulus with a strong aversive value, the CS, and other stimuli of different frequencies with no affective value, at least for the stimuli used.
While these results suggest that this direct pathway has a higher information-processing capacity than previously thought (LeDoux, 1995) , they still leave open the question of what role the cortical input to the amygdala plays in auditory fear conditioning. It is possible and in fact likely that cortical areas are required for a finer discrimination between similar frequencies than the ones tested. It is important to point out, nonetheless, that the deficits reported in the studies from other laboratories mentioned earlier (Thompson, 1962; Jarrell et al., 1987) involved responses to test frequencies more than three octaves distant from the CS. This was not the case in our study, in which operated animals were able to withhold responses to stimuli that differed from the CS by about one octave. More likely, procedural differences (including species used, post versus pre-training lesions, etc.) between these studies and ours, rather than the frequencies tested, accounts for the differing results (see above).
Nonetheless, it is probable that the main contribution of the auditory cortex to fear conditioning may lie in the processing of complex sound stimuli, such as temporal patterns, relative pitch and tone duration. For example, a pure tone can be completely represented by its frequency and intensity (and possibly duration), whereas a more complex stimulus will require more parameters to be encoded properly. It is in the latter case that the cortex may become crucial. There is some indirect evidence from physiological (e.g. Miller et al., 1972; McKenna et al., 1989; Rauschecker et al., 1995; Doron et al., 1996) and lesion (e.g. Jerison and Neff, 1953; Whitfield, 1980 , Kelly, 1990 ) studies that support this hypothesis. Moreover, cortical areas are probably necessary for the integration of multimodal stimuli as well as for the interactions between amygdala and cognitive networks in the cortex.
Finally, it is of interest to consider the means by which the thalamic cells perform the computations that must underlie the transmission of differential signals to the amygdala about the various auditory stimuli that make up the stimulus generalization gradient. Given that the receptive fields of the cells that project to the amygdala are very broad (Bordi and LeDoux, 1994a, b) , but that the discriminative behavior mediated by the projection is fairly precise, it would appear that collections of cells, by way of so-called population coding, may be able to provide a more accurate representation of the external signals than the individual neurons. This conclusion, though somewhat speculative at this point, provides the foundation for additional modeling, physiological and behavioral studies that will further pursue the nature of information processing in the thalamoamygdala and cortico-amygdala pathways.
